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Received 18 May 2007; received in revised form 7 September 2007; accepted 15 September 2007Abstract Human embryonic stem cells (hESC) differentiate into trophoblast when treated with BMP4. Here we studied
the effects of either low (4% O2, L) or atmospheric O2 (20% O2, A) in the presence and absence of FGF2 on H1 hESC cultured in the
presence of BMP4. Differentiation progressed from the periphery toward the center of colonies. It occurred most quickly in
the absence of FGF2 and under A and was slowest in the presence of FGF2 and under L. Chorionic gonadotropin (CG) production
required A, while FGF2 suppressed progesterone synthesis under both A and L. FGF2 was then omitted while we examined the
trophoblast markers SSEA-1 and cytokeratin-7 and-8, whose expression also progressed inward from the periphery of colonies
and occurred more rapidly under A than under L. By day 5, most cells outside central islands of Oct4-positive cells were
positive for these antigens under both conditions and many also expressed HLA-G, a marker of extravillous cytotrophoblast.
Under A, but not L, CGα and CGβ became prominent in GATA2-positive, peripherally located, multinucleated cells. In
conclusion, BMP4 induced conversion of hESC exclusively toward trophoblast; FGF2 slowed differentiation, while O2 accelerated
this process and promoted syncytiotrophoblast formation.
© 2007 Elsevier B.V. All rights reserved.Introduction
The formation of the trophectoderm, the outer epithelial
layer of the blastocyst, provides the first visual evidence of
differentiation and separation of cell lineages during the⁎ Correponding author. Department of Animal Sciences, University
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doi:10.1016/j.scr.2007.09.004development of the mammalian embryo. Trophectoderm is
the precursor of placental trophoblast, which forms the
active interface with the maternal system and is responsible
for carrying out many of the main functions of the placenta,
including physical support; immunological protection;
exchange of nutrients, gases, and waste products; modifying
maternal blood vessels; and controlling physiological
responses of the mother through the production of hormones
and other bioactive factors (Benirschke, 1994). In the
human, cells of the trophectoderm fuse to form a syncytium,
which produces human chorionic gonadotropin (hCG) and.
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2002). In the mature placenta, two main cell lineages are
derived from trophectoderm and its proliferating cytotro-
phoblast descendants of trophectoderm: villous syncytiotro-
phoblast and extravillous cytotrophoblast (Georgiades et al.,
2002). Villous syncytiotrophoblast, which ultimately lines
the intervillous space and whose outer surface becomes
bathed with maternal blood, is the primary site of phy-
siological exchange between the fetal and the maternal
systems and is also characterized by production of hCG
(Benirschke, 1994) and forms as a result of fusion between
mononuclear, villous-associated, cytotrophoblast cells
(Georgiades et al., 2002; Malassine and Cronier, 2002). The
second lineage derived from trophoblast stem cells is
extravillous cytotrophoblast (Bischof and Campana, 2000),
which is multilayered and the major invasive component of
the placenta. These cells move from the anchoring villi into
the maternal endometrium by two routes, through the
uterine stroma and via the lumen of maternal arteries, and
play a variety of functions including the modification of
spiral arteries so that they are no longer capable of res-
ponding to maternal vasomotor signals (Pijnenborg, 2002).
One marker of extravillous trophoblast is the nonclassical
HLA protein HLA-G (McMaster et al., 1998; Redman et al.,
1984). However, extravillous cytotrophoblast likely consists
of several kinds of differentiated end cells, whose pheno-
types have been poorly characterized.
Oxygen tension plays a role in the differentiation of tro-
phoblast cells and is probably low during the first trimester of
a human pregnancy (Jauniaux et al., 2000). Cytotrophoblasts
cultured in vitro under low O2 conditions, which likely mimic
the uterine environment of early gestation, continue to
proliferate (Genbacev and Miller, 2000; James et al., 2006a).
However, under atmospheric O2, proliferation of cytotropho-
blast slows and syncytiotrophoblasts begin to form through
cell fusion (Genbacev et al., 1997). It is also clear that ex-
travillous cytotrophoblasts slow their rate of proliferation
and differentiate as they encounter higher oxygen (Genba-
cev et al., 1996; James et al., 2006a).
Until recently the best in vitro models to study the
development of human placenta have been primary tropho-
blast cultures and choriocarcinoma-derived trophoblast cell
lines, such as JAr or JEG3 (Ringler and Strauss, 1990). How-
ever, there are limitations to the use of these models. In
particular, each is already committed to the trophoblast
lineage and so early lineage decisions cannot be addressed.
Trophoblast cells derived from placenta probably reflect the
stage in gestation at which they were isolated, while cho-
riocarcinoma cells have the disadvantage of being tumor
cells whose place in the trophoblast lineage is not clear.
However, a third model has recently become available.
Human embryonic stem cells (hESC) have been reported to
differentiate into trophoblast spontaneously during standard
subculture, as evidenced by the production of hCGβ and
progesterone (Thomson et al., 1998). A more directed
conversion to trophoblast occurs when the cells are cultured
in the presence of BMP4 (Xu et al., 2002). Human ESC colo-
nies exposed to BMP4 rapidly up-regulate genes encoding
transcription factors known to play roles in placental deve-
lopment, e.g., GATA2, GATA3, and MSX2, and ultimately ex-
press a range of genes associated with differentiated
trophoblast, e.g., CGA, CGB, MMP9, KRT7, and IGFBP3. Ithas been unclear whether differentiation induced in this
manner is unidirectional, i.e., directed entirely toward tro-
phoblast, as the cells also up-regulate genes more typical of
endoderm, e.g., those encoding α-fetoprotein, apolipopro-
tein A4, transthyretin, and plasma retinol binding protein,
soon after BMP4 exposure (Xu et al., 2002). Moreover, BMP4-
treated hESC form patches of cells that contain multiple
nuclei within the same cytoplasm that resemble syncytio-
trophoblast, although it is unclear whether these structures
are homologous to syncytial trophoblast formed in vivo.
Thus, although hESC may serve as a model for extraem-
bryonic tissue development, the validity of the system needs
to be tested in more detail. The conversion to trophoblast is
also surprising, since the hESC lines used in these studies
were derived from the inner cell mass (ICM), i.e., after tro-
phectoderm and its accompanying stem cells had been
specified (Thomson et al., 1998). BMP4 was also a curious
candidate to employ as an inducer of trophoblast differ-
entiation, as it synergizes with leukemia inhibitory factor
(LIF) to maintain mouse ESC in a proliferating, pluripotent
state (Chambers and Smith, 2004; Suzuki et al., 2006; Ying et
al., 2003). In the case of hESC, FGF2 rather than LIF is the
crucial factor for sustaining proliferation and pluripotency,
possibly through its capacity to antagonize BMP signaling (Xu
et al., 2005). Nevertheless, BMP4-driven trophoblast differ-
entiation still occurs when FGF2 is present in the culture
medium provided that the BMP concentration is sufficiently
high (Xu et al., 2002).
In the present studies we have examined the ability of
BMP4, in the presence and absence of FGF2, to direct hESC
along the trophoblast lineage in greater detail than that
described earlier (Xu et al., 2002). In particular, we wished
to assess how the spatial organization of differentiation in
terms of trophoblast markers progressed within hESC colo-
nies and whether the progression to trophoblast was mea-
surably more rapid in the absence of FGF2. Second, we
predicted that the appearance of syncytiotrophoblast
would be accelerated at high O2 tensions, as occurs when
primary cultures of cytotrophoblast are allowed to differ-
entiate in vitro (Genbacev et al., 1997). Third, we anti-
cipated that cells with the features of extravillous cytotro-
phoblast would differentiate within cultures treated with
BMP4.
Results
Response of hESC colonies to BMP4 in the presence
of FGF2
Human ESC differentiate into trophoblast in the presence of
BMP4 (Golos et al., 2006; Xu et al., 2002), although it is
unclear from these early studies whether other lineages
were also represented in the colonies and the spatial organ-
ization of the differentiation pattern. Fig. 1a is a collage
hand-assembled from 16 separate confocal images on the
Bio-Rad instrument encompassing a large H1 ESC colony that
had been immunostained for Oct4 (pink), hCGβ (green), and
nuclear material (blue) after growth for 10 days in the
presence of BMP4 (10 ng/ml) and FGF2 (4 ng/ml) under
condition A (A, 20% O2; L, 4% O2). Fig. 1b represents a
digitally assembled collage of an hESC H9 colony imaged
Figure 1 (a) Immunostaining of an H1 hESC colony, cultured in
the presence of BMP4 and FGF2 for 9 days under atmospheric
oxygen, for Oct4 (red) and hCGβ (green). Nuclei have been
counterstained with TO-PRO 3 (blue). Twelve photographs were
assembled from images acquired from the Bio-Rad confocal
system into a collage to visualize the entire colony. Oct4 was
selected as a marker of pluripotent cells, while hCGβ is a marker
of trophoblast and is associated with flattened areas of cells
around the margins of the colonies. BMP4 concentration was
10 ng/ml, FGF2 4 ng/ml. (b) Colocalization of hCGα (green) and
hCGβ (red) in an H9 colony cultured as in (a). Regions staining
with both antigens appear yellowish-white. Nuclei are stained
blue. Some pinkish fluorescence associated with the central core
region is nonspecific and is seen on some control samples (not
shown) in which the primary anti-hCGβ reagent was omitted.
The image is a projection of a tile scanned image assembled by
using Zeiss LSM software to visualize the entire colony in the x, y,
and z planes. Scale bar, 500 μm.
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for hCGα and-β. The late-stage pattern of differentiation in
response to BMP4 observed in Figs. 1a and 1b is typical for
both the H1 and the H9 cell lines under A. Cells toward the
outside of the colonies no longer express Oct4, and Oct4
staining, instead, becomes confined to a central core ofdensely packed cells (Fig. 1a). Conversely, the expression of
hCGβ (Fig. 1a) and the coexpression of hCGα and-β (Fig. 1b)
become localized to large, flattened cells that are concen-
trated on the very periphery of the colony, while a region of
Oct4-negative and hCG-negative cells of relatively uniform
appearance occupies the remainder of the colony (Fig. 1a).
The stronger fluorescence originating from the hCGα subunit
tends to dominate the colocalization signal, an observation
addressed later in the paper. At this stage, the transition
from Oct4-positive to Oct4-negative cells is sharp, with no
apparent intermediary zone (Fig. 1a). These conditions
(medium containing FGF2 and under A) are essentially those
employed by Xu et al. (2002), who first reported the ability
of BMP4 to drive cells toward trophoblast, but who did not
provide any immunohistochemical information on whole
colonies. One observation relevant to the data presented in
the next section is that hESC colonies cultured on glass
coverslips (as in Figs. 1a and 1b) differentiate in response to
BMP4 more slowly than on a plastic substratum. We have no
explanation why differentiation is retarded on glass,
although it may relate to the thickness of the Matrigel
layer or to the presence of the poly-D-lysine coating on the
glass.The effects of O2 atmosphere in combination with
the presence and absence of FGF2 on
BMP4-directed differentiation of hESC
A 2×2 factorial design was used to study the effects of the
presence and absence of FGF2 under L or A oxygen
atmosphere on the formation of trophoblast from H1 ESC
colonies treated with BMP4 (10 ng/ml). We examined only a
single, low dose of BMP4 to simplify the experimental design.
In addition, the 10 ng/ml concentration of BMP4, when used
in the absence of FGF2, appeared to be about as effective as
50 ng/ml in driving differentiation of H1 cells. The FGF2
concentration (4 ng/ml) was selected because it is standard
for maintenance of pluripotency in hESC cultures (Amit et
al., 2000). Colonies were allowed to become established for
24 h on a plastic substratum coated with Matrigel before
medium containing BMP4 was added. The medium was
replaced every 24 h to assess the production of hCGβ and
progesterone. Colony size and morphology were examined
daily by phase-contrast microscopy.
After 24 h of BMP4 treatment, larger cells with a
cobblestone appearance became evident around the periph-
ery of the colonies in all four treatment groups (A±FGF2 and
L±FGF2), suggesting that morphological differentiation had
been initiated (Figs. 2a, 2d, 2g, and 2j). With longer culture,
the differentiated region, evident by the change in cell
morphology, proceeded inward from the periphery toward
the center of the growing colonies, leaving a progressively
smaller area of densely packed, small undifferentiated cells,
which remained Oct4 positive (Fig. 1a and Supplemental
Figs. 1 and 2). The extent of this transition toward
morphologically differentiated cells was faster in cultures
containing no FGF2 and maintained under A (Figs. 2g, 2h, and
2i) than under the other three conditions. By day 3, these
colonies often had transformed more or less completely and
were composed largely of cells with a uniform cobblestone
appearance (Fig. 2h), while the central area of presumably
Figure 2 Phase-contrast images showing morphology of H1 hESC colonies cultured in the presence of 10 ng/ml BMP4 for 1 (a, d, g, j),
3 (b, e, h, k), or 5 (c, f, i, l) days. Cells were cultured under atmospheric (A; a–c, g–i) or low (L; d–f, j–l) oxygen and in the presence
(a–f) or absence (g–l) of FGF2. An area of morphologically differentiated cells, characterized by a cobblestone appearance, becomes
visible at the periphery of the colony and progresses inward under all four culture conditions. A central area containing small,
presumably undifferentiated cells becomes more densely packed with time in culture. Differentiation was slowest under L and FGF2
and most rapid under A without FGF2. Scale bar in (a), 1 mm.
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Differentiation was slowest in the cultures containing FGF2
and under L (Figs. 2d, 2e, and 2f). Even in the absence of
FGF2, L retarded differentiation and tended to preserve
larger areas of undifferentiated cells (Figs. 2j, 2k, and 2l).
Similarly, FGF2 had some ability to protect against differ-
entiation when O2 tension was high (Figs. 2a, 2b, and 2c)
although the central region of presumed pluripotent cells
was usually fragmented and infiltrated with areas of overtly
differentiated cells.
Morphometric analyses were used to determine the ratio
of areas occupied by overtly differentiated and undiffer-entiated cells within H1 ESC colonies grown on Matrigel-
coated plastic substratum for 5 days under the four
conditions of culture (Figs. 3a and 3b). These measurements
confirmed the major role played by O2 in controlling the
BMP4-induced differentiation of H1 cells. For example,
under A and in absence of FGF2, over 99% of the colony
area was populated by overtly differentiated cells by day 5
(Fig. 3b), whereas about one-fifth of the colonies remained
undifferentiated under L conditions. It would appear that the
ability of FGF to protect against differentiation, though
visible at earlier days, was not so evident after 5 days of
exposure to BMP4.
Figure 3 Morphometric analysis of differentiated and undif-
ferentiated areas within H1 hESC colonies after growth for 5 days
under either atmospheric (A) or low (L) oxygen conditions in the
presence of (a) BMP4 and FGF2 or (b) BMP alone. Data for each
condition were obtained from the analysis of 10 colonies
randomly sampled from three independent culture wells of a
single experiment. Total colony area (black bars) and the undif-
ferentiated area (open bars) are expressed relative to average
total colony area in A (100%). ***pb0.0001.
Figure 4 Daily accumulation of (a) hCG and (b) progesterone
(P4) in medium after culturing H1 hESC with BMP4 either in the
presence or in the absence of FGF2 and under either A or L
oxygen conditions. Bars (±SEM) represent cultures exposed to (in
order) atmospheric oxygen, FGF2 (AF); atmospheric oxygen, no
FGF2 (AO); low oxygen, FGF2 (LF); low oxygen, no FGF2 (LO).
Amounts of hCG and P4 released under LF conditions on all days
were so low that they were not significantly different from zero.
The data represent the results of a single, representative expe-
riment performed on H1 cells. The experiment was repeated
four times, including twice with H9 cells. The peak and sub-
sequent decline in the daily production of hCG on or about day 6
are observed consistently, but vary in magnitude.
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To demonstrate that the outer, differentiating cells as well as
the inner pluripotent cells within the BMP4-treated colonies
continued to proliferate, cultures were provided with
bromodeoxyuridine for 45 min 72 h after introduction of
BMP4 to label cells progressing through the cell cycle. The
colonies were immediately fixed, and incorporated label was
detected by immunofluorescence (Supplemental Figs. 1a and
1b). The data show that the overtly differentiating cells
located in the peripheral regions of the colonies, as well as
the densely packed cells placed more centrally, continued to
progress through the cell cycle and, presumably, to divide.
Production of hCGβ and P4
As shown in Fig. 4a (open bars), H1 ESC produced large
amounts of hCGβ when FGF2 was absent and the cultures
were under A. The hCGβ became detectable on day 4, with a
peak in production on day 6, which was followed by a sharpdecline and then a rebound. This fall off with subsequent
recovery varies in magnitude and timing, but is consistent
and has been observed with both H1 and H9 cells. It appears
to coincide with the detachment of some clumps of cells
from the peripheral regions of the colonies (data not shown).
The subsequent rebound of production may be due to further
differentiation of cells not previously producing the hor-
mone, but this phenomenon has not been investigated fully.
Under A, when FGF2 was present in the medium, the
production of hCGβ was retarded relative to when FGF2
was absent but still reached a high level by day 8 (Fig. 4a,
black bars). BMP4 had little ability to stimulate the
production of hCGβ under L, particularly in the presence of
FGF2, with amounts barely registering above background in
the assay. Together, these data suggest that the presence of a
high O2 atmosphere, rather than the absence of FGF2, is the
predominant driver of hCGβ expression in hESC.
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(P4) (Fig. 4b) were somewhat different from those observed
for hCGβ. BMP4-induced P4 production was always high in
the absence of FGF2 under both L and A conditions, although
this effect was further enhanced under A. Only small
amounts of P4 were produced in the presence of FGF2,
with scarcely any of the steroid detectable under L.
Expression of SSEA-1 and cytokeratins
As the absence of FGF2 accelerated BMP4-mediated differ-
entiation of hESC, all subsequent experiments were per-
formed without FGF2 in the medium, and comparisons were
made between only A and L. hESC were cultured on Matrigel-
coated coverslips for up to 6 days after addition of BMP4 and
withdrawal of FGF2. In an initial study, H9 ESC colonies were
stained with the pluripotent marker Oct4 and the differ-
entiation marker SSEA-1, to follow the pattern of differ-
entiation over time (Fig. 5). As was noted in Fig. 2, colonies
differentiated from the periphery toward the center. The
nuclei of most cells in the colonies, including those that had
acquired a cobblestone appearance, remained Oct4 positive
through the first 3 days after exposure to BMP4. SSEA-1
expression was first noticeable in the outer regions of the
colonies on day 3, particularly under A (Figs. 5b and 5e). By
day 5, however, all of the overtly differentiated cells outside
the central area of Oct4-positive cells expressed Oct4
weakly, if at all, and were SSEA-1 positive (Figs. 5c and 5f).
Some of the smaller colonies had differentiated completely
by 5 days and displayed no evidence of Oct4 expression (data
not shown). Although differentiation again appeared to beFigure 5 H1 hESC cultured in the presence of BMP4 for 1 (a, d), 3 (
oxygen were immunostained for Oct4 and SSEA-1. By day 5, immun
densely packed cells, but is still associated with the nuclei of most c
three small colonies, all the cells have apparently responded to BMP4
the differentiation marker SSEA-1 (green) is initially confined to a few
outside the dense central core of Oct4-positive cells by day 5 (c, f) u
colonies were entirely SSEA1 positive and Oct4 negative by day 5. Wh
under a 4× objective. Scale bar in (a), 1 mm.somewhat accelerated under A (Figs. 2j–2l versus 2g–2i), the
general patterns of staining under the two conditions by day
5 were quite similar.
The onset of expression of cytokeratin-7, a widely used
marker for trophectoderm cells expression, was similarly
assessed under A and L following exposure of hESC to BMP4
(Fig. 6). Results mirrored those for SSEA-1. Staining for
cytokeratin-7 was progressive and again was initiated in the
periphery of the colonies (Figs. 6b and 6e). By day 4 under
A, cytokeratin staining was evident throughout the outer
regions of the colony (Fig. 6f). Day 4 colonies under L were
similar, but tended to be somewhat delayed compared to
colonies under A (Fig. 6c). After 5 days, cytokeratin-7-
positive cells were present up to the boundary presented by
the central clusters of Oct4-positive cells under both L and
A conditions (Figs. 6g–6i). Staining, although cytoplasmic,
was concentrated close to the cell membrane, thereby pro-
viding a net-like appearance to the colonies when viewed
under high magnification (Fig. 6i). Fluorescence intensity
within individual colonies was quite heterogeneous, with
some areas appearing much brighter than others. In
particular, strands or columns of brightly fluorescent cells
could be observed among a background of less bright cells
(Figs. 6g and 6h).
HLA-G localization
Next we examined the localization of HLA-G, a glycoprotein
whose expression in humans is believed to be confined
largely to placenta, specifically extravillous cytotrophoblast
(McMaster et al., 1995). We performed immunostaining tob, e), or 5 days (c, f) under either low (a–c) or atmospheric (d–f)
ostaining for Oct4 (red) becomes confined to an inner core of
ells in the colonies at days 1 and 3. Note that in (d), which shows
but all the nuclei remain Oct4 positive. By contrast, staining for
outer cells at day 3 (b, e), but becomes associated with all cells
nder both oxygen conditions. Although not shown, some smaller
ole colonies were imaged on the Olympus epifluorescence system
Figure 6 Expression of Oct4 (red) and cytokeratin-7 (green) in H1 (a–f) and H9 (g–i) hESC cultured in the presence of BMP4. Cells
were cultured under either low (a–c, g) or atmospheric (d–f, h–i) oxygen for 1 (a, d), 3 (b, e), 4 (c, f), or 5 (g–i) days. By day 5 under
both conditions, a central core stains intensely for Oct4, whereas all cells outside the core are cytokeratin positive, with intense
staining near the cell membrane. The images in (g) and (h) are collages assembled through use of the Zeiss LSM software to visualize
entire colonies. Scale bar (g and h), 500 μm. Scale bar in the higher power confocal image (i), 50 μm. Scale bar in (a–f), which were
photographed on the Olympus epifluorescence system under a 4× objective, 1 mm.
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BMP4 contained HLA-G-expressing cells possibly representing
the extravillous cytotrophoblast lineage. To do so, we
employed the 4H84 monoclonal IgG1 antibody, which is
directed against amino acids 61–83 of HLA-G and expected to
recognize all isoforms of the antigen and not distinguish
among them (McMaster et al., 1995, 1998). At day 5, HLA-G
was expressed under both A and L (Fig. 7). As with the
cytokeratin-7 and SSEA-1 (Figs. 5 and 6), expression was
generally much stronger outside the central region of pre-
sumed pluripotent cells, although there were regions where
HLA-G staining clearly penetrated within the core region
(Fig. 7d). Expression outside this region was also extremely
heterogeneous. Most cells expressed HLA-G on their margins,
presumably as the expected integral plasma membrane
glycoprotein (Hunt et al., 2000), and often also in a peri-
nuclear zone (Fig. 7b). Some areas of the colony appeared
almost devoid of HLA-G or expressed it very weakly (Fig. 7c).
Many of the cells with surface label also showed strong
cytoplasmic labeling, evident as dots of fluorescence,
presumably representing intracellular vesicles (Figs. 7a
and 7b). Other regions appeared to be organized loosely
into columns and showed intense cytoplasmic staining thatfluoresced much more brightly than surrounding regions
(Fig. 7c).
Human CGα and CGβ localization
Human CG production is widely accepted as a marker of
trophoblast, especially multinucleated syncytiotrophoblast
(Georgiades et al., 2002). Figs. 1a and 1b show that hCG
expression in H1 and H9 hESC colonies exposed to BMP4 is
associated with a peripheral ring of flattened cells that might
conceivably represent syncytiotrophoblast. Since hCGβ, but
not the α subunit, is produced by a number of human non-
trophoblastic tumors (Stenman et al., 2004) and because
coordinate synthesis of both subunits is required to provide
functional hormone, we immunostained ESC colonies that
had been cultured in the presence of BMP4 under A and L for
both hCGα and -β (Figs. 8a and 8e). A zone of cells positive
for both subunits was evident at the very periphery of the
colony under A conditions (Fig. 8a). Where boundaries of
colonies merged, hCG-positive areas were often present. No
such extensive peripheral labeling was observed after
colonies had been grown under L (Fig. 8e). All cells that
stained positively for hCGβ (red) under both A and L also
Figure 7 Localization of HLA-G (green) in H9 hESC colonies
treated with BMP4 for 5 days under atmospheric oxygen. Nuclei
are stained with TO-PRO 3 (blue). HLA-G expression was similar
under L conditions (not shown). (a) HLA-G was variably ex-
pressed among cells throughout the differentiated region of the
colony, but not in the central core, which can be seen in the
upper right-hand corner. (b) HLA-G is localized to the edges,
presumably plasma membrane, and within vesicles in the
perinuclear region of most cells within the differentiated region
of the colony. (c) Some clusters of cells show intense cytoplasmic
staining for HLA-G. In (d), the edge of the central core can be
seen at right and the outside edge of the colony at left. Cells that
were positive for hCGβ (red) also stained for HLA-G within the
cytoplasm, with the double staining appearing yellow. Scale bars
in (a, c, and d), 100 μm, and in (b), 20 μm.
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of functional hormone. However, expression of the α subunit
was more widespread than expression of the β subunit, with
some cells appearing to express only hCGα (Figs. 8b–d and
8f–h). Presumably, these colonies are producing free α
subunit and not the heterodimeric hormone. Interestingly,
flattened cells on the margins of the colonies that were
positive for hCGβ often also stained for HLA-G (Fig. 7d).
Confirmation of syncytial trophoblast formation in
BMP4-treated hESC
The formation of multinucleated syncytiotrophoblast is
believed to occur by cell–cell fusion and is accompanied by
a rearrangement of desmosomal proteins and loss of cell–cell
borders (Douglas and King, 1990). The immunocytochemical
localization of desmosomes has previously been used to
provide a convenient indicator of the status of trophoblast
morphological differentiation into syncytiotrophoblasts
(Douglas and King, 1990). Accordingly, to identify whether
the cells producing hCGα and -β had formed syncytial
structures, immunostaining was performed on colonies
cultured under A with a monoclonal antibody specific for
desmosomes in conjunction with a rabbit polyclonal antibody
specific for hCGβ (Fig. 9a). Those areas positive for hCGβ(red) contained many nuclei and an apparently continuous
cytoplasm, i.e., there was an absence of desmosome staining
(green) within the structures that represented putative
syncytium (Fig. 9a). These desmosome-free areas contrasted
with neighboring hCGβ-negative cells, which were mono-
nucleate and positive for desmosome antigen around their
edges. The syncytial cells stained for both cytokeratin-7 (not
shown) and cytokeratin-8 (red) (Figs. 9b and 9c), but the
network pattern of cytokeratin distribution delineating the
edges of individual cells, as observed in Fig. 6i, has become
lost. These hCG-positive regions also showed intense nuclear
staining for the transcription factor GATA2 (green) (Fig. 9c).
Together the data suggest that the cells producing hCG are
syncytial.Discussion
Trophoblast first becomes evident as a distinct lineage at the
blastocyst stage of mammalian development when trophec-
toderm separates from the ICM (Johnson and McConnell,
2004). Trophectoderm is the precursor of most of the cell
types that comprise the fetal portion of the mature placenta
(Cross et al., 2002; Roberts et al., 2004). In the case of the
mouse, stem cells capable of forming the main differentiated
components of trophoblast have been derived from two
sources, namely outgrowths of trophectoderm after blas-
tocysts had been cultured in vitro and proliferating cells of
the ectoplacental cone, a structure that forms from polar
trophectoderm at the embryonic pole of the blastocyst soon
after implantation has been initiated (Oda et al., 2006;
Quinn et al., 2006). Pluripotent mouse ESC derived from the
ICM fail to form trophoblast derivatives except under ex-
ceptional circumstances, for example, when the transcrip-
tion factor Oct4 is deliberately silenced (Hay et al., 2004;
Niwa et al., 2000; Velkey and O’Shea, 2003). By contrast
hESC differentiate readily to trophoblast after the addition
of BMP4 and some of its relatives (Xu et al., 2002), a
surprising observation since BMP4 in combination with LIF
supports pluripotency rather than differentiation in mouse
ESC through induction of Id family gene expression (Ying et
al., 2003).
In their initial study, performed under 20% O2, i.e., A,
conditions, Xu et al. (2002) showed that several hESC cell
lines responded similarly to BMP4 and that in H1 ESC, the line
in which the most detailed studies were performed, 7 days of
exposure to 100 ng/ml BMP4 (in presence of FGF2) up-
regulated several genes associated with trophoblast differ-
entiation. In addition, the cells began to secrete low
amounts of hCG (measured as hCGβ), estradiol, and P4 by
day 4 of treatment. That BMP4 was directly responsible for
the observed effects was emphasized by the ability of anta-
gonists of BMP4 action, such as Noggin, to counteract the
directed differentiation toward trophoblast. Xu et al. (2002)
also showed that H1 cells plated at low density tend to fuse
to form syncytial-like structures that produce hCGβ. In the
present study, we have used this hESC model to follow BMP4-
directed trophoblast differentiation over time and two-
dimensional space and to demonstrate the crucial role
played by O2 in these events.
BMP4 at 10 ng/ml, which is one-tenth the concentration
used by Xu et al. (2002) in the majority of their experiments,
Figure 8 Immunostaining for hCGα (green) and β (red) in H9 hESC colonies cultured under A (a–d) or L (e–h) conditions for 5 days in
the presence of BMP4. Nuclei are stained with TO-PRO 3 (blue). The red hCGβ staining was relatively faint compared to the green
hCGα, but yellowish color in the merged images (a, d, e, and h) indicates regions of dual expression. Projections of tile scans were used
to visualize entire colonies in (a) and (e), in which the scale bar represents 500 μm. Larger areas of hCG-positive cells were present in
cells cultured under A compared to L oxygen. Higher magnification images show the colocalization of hCGα (b, f) and hCGβ (c, g)
subunits (merged, d, h). Note that in (d) and (h) the areas of hCG staining appear to contain many nuclei within a common cytoplasm.
All cells positive for hCGβ were also positive for hCGα, but the inverse was not true. Scale bar in (h), 200 μm, for (b–d) and (f–h).
69Effects of FGF2 and O2 on differentiation of trophoblastbegins to have an effect on cell morphology relatively
quickly, with some visible changes evident on the margins of
the colonies after only 24 h (Fig. 2). A single concentration of
BMP4 and FGF2 was chosen to permit the simple 2×2
factorial design. In addition we had noted that in the
absence of FGF2, 10 ng/ml BMP4 was about as effective as
50 ng/ml in inducing morphological differentiation of the
cells over time (data not shown). The presence of FGF2
reduced the response to BMP4, while A conditions acceler-
ated the differentiation process. Importantly, L conditions,
particularly when FGF2 was present, inhibited both hCGβ
and progesterone production (Fig. 4). For reasons that are
currently unclear, FGF2 was particularly effective in redu-
cing the synthesis of progesterone, with a marked depression
of synthesis noticeable even under A. We have been unable
to locate any description of a similar effect of FGF2, which is
commonly used as an additive growth factor to primary cell
cultures, to inhibit progesterone production by either tro-
phoblast or ovarian cells. This ability of FGF2 on a back-
ground of BMP4 to influence steroid hormone production in
hESC and the possibility that a particular cell type is targeted
by the growth factor deserve further study. However, to
avoid the complications incurred by including FGF2, all
additional experiments in the present study were conducted
without it. These later experiments confirmed that BMP4
initiated differentiation from the periphery inward, that A
accelerated the process (Figs. 2, 3, 5, and 6), and that the
outer cells of the colonies, at least initially, retained Oct4
expression and continued to divide even after they had
acquired the more flattened cobblestone appearance (Sup-
plemental Fig. 1). Whether these Oct4-positive outer cells
represent trophoblast stem cells, comparable to those cha-
racterized for mouse (Niwa et al., 2000), and whether theyare already committed irreversibly to the trophoblast line-
age are questions we are beginning to pursue.
The striking patterning of the colonies as they differenti-
ate has features of quorum sensing within microbial cultures
and films (Waters and Bassler, 2005), a phenomenon that
involves differential perception of environmental inputs by
certain cells within the colony and communication of the
information to the rest of the population, presumably by
chemical gradients and cell-to-cell contact. It will be of
interest to determine whether all cells in naïve hESC colonies
respond to BMP4 when the growth factor is applied, which
seems unlikely in view of the patterning observed, or whether
sensing is confined to a subpopulation, possibly on the peri-
phery. Precisely how cells act in response to BMP4 is not well
understood, although signaling is probably initiated by form-
ing a complex with type A and B receptors, such as Alk3 and
Alk6, respectively, and subsequent Smad activation and al-
tered gene transcription. An analysis of receptor type distri-
bution, Smad phosphorylation, and trafficking should allow
BMP4-responsive cells to be identifiable within colonies.
Recently a peripheral, “fibroblastic” population of cells was
identified in hESC colonies that possess the FGF2 receptor,
FGFR1, and respond to FGF2 by producing IGFII, TGFβ, and
most likely other growth factors (Bendall et al., 2007). IGFII,
in particular, appears to be amajor supportive factor for hESC
pluripotency, growth, and survival. Conceivably, an analo-
gous population of cells responsive to BMP4 initiates the
inward progression of trophoblast differentiation.
Under both A and L the majority of the cells outside the
remaining islands of Oct4-positive cells express both SSEA-1
and cytokeratin-7 by day 5 (Figs. 5 and 6). SSEA-1 is a car-
bohydrate epitope that is a general marker for human germ
cell tumors and hESC differentiation (Draper et al., 2002;
70 P. Das et al.Fenderson et al., 1993), while cytokeratin-7 (Blaschitz et al.,
2000; Maldonado-Estrada et al., 2004), as well as cytoker-
atin-8 (Sasagawa et al., 1986), is commonly used for
identifying trophoblast. In the transcriptional profiling
analysis of Xu et al. (2002), expression of both cytokeratin-
7 and -8 transcripts began to increase after 48 h exposure to
BMP4. We have confirmed this observation (data not shown),
which is consistent with our immunostaining analysis, as-
suming that protein expression lags behind a change in gene
expression. It is interesting that after 5 days under both O2
atmospheres, the SSEA-1-and cytokeratin-7-positive cells
directly abutted the central core regions of presumed
pluripotent cells, now providing a sharp boundary between
Oct4-negative and Oct4-positive cells (Figs. 5c, 5f, and 6i).
These data taken together suggest that BMP4 initiates
trophoblast lineage determination in the face of continued
Oct4 protein expression and well before some of the
traditional markers for trophoblast are acquired. A detailed
analysis of gene expression within sampled cell populations
harvested at increasing distances from the peripheries of
these colonies at different times after BMP4 addition is likely
to provide useful insight into how these initiation events are
implemented.
A second trophoblast marker, HLA-G, whose role as a
nonclassical HLA Class I molecule is believed to provide
evidence of “self” to maternal natural killer cells, thereby
avoiding a normal immune response (King et al., 2000), was
also highly expressed in the BMP-treated hESC colonies by
day 5 (Fig. 7). HLA-G is generally held to be produced by
extravillous trophoblast, the invasive component of the
human placenta (Copeman et al., 2000; Loke et al., 1997),
although the specificity of such localization is not universally
accepted. HLA-G may also become up-regulated in certain
tumors (Hansel et al., 2005). Consistent with our observa-
tions, HLA-G expression has been reported not to be par-
ticularly responsive to O2 conditions when extravillous
trophoblast outgrowths are cultured in vitro (James et al.,
2006b). The highest production of HLA-G in our hESC colonies
occurred in strands of cells that exhibited a bright
cytoplasmic fluorescence (Fig. 7c). These strands of “bright”
cells may be homologous to the columns of cytotrophoblast
that penetrate maternal endometrium, particularly in the
first trimester of pregnancy, although a more detailed
phenotyping will be needed to confirm this hypothesis.
HLA-G is known to exist in several secreted and soluble forms
through alternative splicing (Hunt et al., 2000; Ulbrecht et
al., 2004) and with various degrees of glycosylation and
proteolytic processing (McMaster et al., 1998). The bright
cytoplasmic label might well represent a secretory form ofFigure 9 The presence of syncytial-like structures in H9 hESC
cultured in the presence of BMP4 for 5 days under A is
demonstrated. Nuclei are blue. Images are 3D projections of
multiple confocal sections. (a) H9 cells positive for hCGβ (red)
do not have desmosomes (green) separating nuclear areas,
suggesting a continuous cytoplasm. (b) The network of cytoker-
atin-8 (red) staining that delineates individual cells outside the
hCGβ (green) areas is not apparent within areas staining for
hCGβ (green). (c) Syncytial-like regions with continuous
cytokeratin-8 staining (red) also show intense nuclear staining
for the transcription factor GATA2 (green). Scale bars, 100 μm.
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leave the endoplasmic reticulum, as described by Ulbrecht
et al. (2004). It was surprising that the majority of cells
outside the central Oct4-positive areas, including cells on
the periphery positive for hCGβ, stained for HLA-G at day 5,
although in some cases the intensity of the signal was
exceedingly weak (Figs. 7c and 7d). The heterogeneity of
HLA-G staining suggests that it may not be diagnostic just of
cells of the extravillous trophoblast lineage but that it is
expressed in a range of trophoblast cell types within the
colonies, an inference consistent with the view that some
forms of the antigen are ubiquitous in trophoblast subpopu-
lations (Hunt, 2006).
Although hCG is produced in limited quantities by various
cytotrophoblast cell types, including choriocarcinoma cells
(Ringler and Strauss, 1990), its primary source during
pregnancy is syncytiotrophoblast, which is regarded as a
terminally differentiated cell type renewed basally by
replicating villous cytotrophoblast cells (Guilbert et al.,
2002). Multinuclear, syncytial cells form when BMP-treated
H1 ESC are plated at low density, under which conditions
they appear to fuse readily (Xu et al., 2002). Others have
shown that embryoid bodies can provide a model for
studying hCG production (Gerami-Naini et al., 2004) and
that hCG-producing cell lines derived from embryoid bodies
can differentiate spontaneously to syncytiotrophoblast and
other placental cell types when cultured in the absence of a
feeder layer (Harun et al., 2006). In the present paper we
demonstrate that hCG-producing cells become concentrated
on the peripheries of BMP-treated colonies cultured under A
(Fig. 8), even when FGF2 is also present (Figs. 1a and 1b),
but are largely absent under L. These hCG-producing, large,
flat cells have a continuous cytoplasm (Fig. 9), are cyto-
keratin-7 and-8 positive, and demonstrate strong nuclear
expression of GATA2, a transcription factor that can
transactivate the hCGα subunit gene (Steger et al., 1994)
and is up-regulated during spontaneous syncytial formation
by cultured human cytotrophoblasts (Cheng and Handwer-
ger, 2005). All evidence suggests that the cells are
homologues of placental syncytiotrophoblast. Evidence
from the relative staining patterns of hCGα and-β, and
from our microarray data (unpublished data), suggest that
the former is expressed more strongly than the latter. A
similar lack of coordinated expression of the α subunit
relative to the β subunit is observed during pregnancy and in
choriocarcinoma cells (Roberts and Anthony, 1994) and likely
reflects the fact that the transcriptional control mechanisms
operating on these genes differ and that the free α subunit
has evolved a function distinct from that of the hetero-
dimeric hormone.
The failure of syncytial cells to form under L parallels
responses of cytotrophoblast cells isolated from late-term
placenta when they are placed in culture (Alsat et al., 1996).
Such cells under lowered O2 tensions neither fuse nor up-
regulate their hCG production in the manner they do under
atmospheric O2 (Kliman et al., 1986). Low O2 conditions are
believed to predominate within uterine endometrium during
the first 10–12 weeks of pregnancy, which coincides with the
main period of placental growth and invasion (Burton et al.,
1999; James et al., 2006a,b). Hence, the proportion of
syncytiotrophoblast remains limited during the first trime-
ster, while villous cytotrophoblast and invasive extravillouscytotrophoblast continue to proliferate under the relatively
hypoxic conditions they encounter (Adelman et al., 2000;
Caniggia et al., 2000; Genbacev et al., 1996, 1997). Tro-
phoblast cells presumably have precise O2 sensing mechan-
isms that play a central role in controlling their behavior and
ultimately their differentiation.
In conclusion, the hESC model used in these experiments
would appear to mimic many of the cellular changes that
provide a fully functional placenta in vivo. In particular, the
model provides a means for following the molecular pro-
cesses that accompany initial lineage commitment to
trophoblast, the early and late differentiation events as
they unfold over time and in two-dimensional space, and the
regulatory responses to O2. The model might also prove
useful for studying how maternal factors, such as inflamma-
tory cytokines, released in response to trophoblast invasion
might intervene to alter trophoblast gene expression and
cellular phenotype.
Materials and methods
Culture of human ESC
Human H1 (NIH code WA01) and H9 (WA09) ESC purchased
from the WiCell Research Institute (Madison, WI, USA) were
cultured in six-well tissue culture plates (Nunc; Sigma–
Aldrich) containing a monolayer of γ-irradiated (8000 cGy)
mouse embryonic fibroblast (MEF) feeder cells. The culture
medium [80% DMEM/F12 supplemented with 20% KnockOut
serum replacement (Invitrogen)/1 mM L-glutamine/0.1 mM
2-mercaptoethanol/1% nonessential amino acids (Sigma–
Aldrich)] was changed daily and supplemented with 4 ng/ml
recombinant human FGF2 (Invitrogen). Colonies were dis-
persed by using 1 mg/ml collagenase IV (Invitrogen) and
passaged either 1:4 or 1:6 every 5–7 days. Cultures were
maintained under a humidified atmosphere of 4% O2/5% CO2/
91% N2 in a HERAcell 150 Tri-Gas Cell Culture Incubator
(Thermo Electron Corp.) at 37 °C (L). Alternatively, cultures
were maintained under a standard gas atmosphere of
humidified air/5% CO2 (A). For feeder-free cultures, plates
were coated with poly-D-lysine plus Matrigel (Becton–
Dickinson) diluted 1:30 in DMEM/F12 (Invitrogen), and the
cells were grown in medium conditioned by MEF (Xu et al.,
2001). To study the effects of FGF2, recombinant human
BMP4 (R and D Systems) was added at a fixed concentration
(10 ng/ml) either in the presence or in the absence of FGF2
from the second day of culture after passage for up to 8
additional days.
Morphometry
hESC colonies were photographed under a Leica MZFLIII
stereo microscope or on an Olympus CKX41 inverted micro-
scope. Areas of total colonies and differentiated areas within
colonies were calculated from digital images of multiple
colonies by using the MetaMorph imaging system (Universal
Imaging, Downingtown, PA, USA). Two-way comparisons,
e.g., A vs. L, were analyzed by an unpaired t test (Prism 4;
GraphPad, San Diego, CA, USA). For multiple comparisons,
data were analyzed by one-way ANOVA followed by Tukey’s
multiple comparison test to compare selected pairs of
72 P. Das et al.experimental groups. Data are presented as the means±SEM
in μm2. Differences of pb0.05 were considered significant.
Immunofluorescence microscopy
hESC colonies were grown on coverslips coated with poly-D-
lysine plus Matrigel and placed in six-well tissue culture
plates. After fixation in a 4% paraformaldehyde/PBS solution
for 15 min and permeabilization in 1.0% Triton X-100/PBS for
30 min, blocking against nonspecific ligands was performed
with 5% goat serum plus 5% BSA in PBS for about 1–2 h. Where
paraformaldehyde fixation negatively affected the antige-
nicity of the candidate protein under study, fixation was
performed in either methanol or acetone for 20 min at room
temperature, followed by three washes with PBS. The
primary antibodies and their sources are described in
Supplemental Table 1. After fixation, coverslips with
attached colonies of hESC were incubated with appropriately
diluted serological reagent for either 2–4 h at room
temperature or overnight at 4 °C. Secondary antibody
staining was performed with either Alexa Fluor 568-or
Alexa Fluor 488-labeled detection reagents (goat anti-
rabbit, goat anti-mouse, goat anti-rat antibodies; Molecular
Probes, Eugene, OR, USA) at a 1:500 dilution. Nuclei were
labeled with TO-PRO-3 (Molecular Probes). Coverslips were
viewed either by epifluorescence under the 4× objective of
an Olympus Provis AX-70 inverted microscope with a U-MBC
multicontrol box (Melville, NY, USA) equipped with a cooled
charge-coupled device camera (Photometrics CoolSnap-ES,
Tucson, TX, USA) or by confocal microscopy (see below).
Controls were performed with the omission of primary
antibodies in all the experiments performed with epifluor-
escence and confocal microscopy (see below) (Supplemen-
tary Fig. 2).
Confocal microscopy
Some initial images were captured by using a Radiance 2000
confocal system (Bio-Rad) coupled with an Olympus IX70
microscope. The majority of the confocal studies were
conducted on a Zeiss META NLO two-photon confocal system
(Carl Zeiss, Oberkochen, Germany) with a Zeiss Axiovert
200M microscope. Green or red fluorescence from the Alexa
Fluor-conjugated second antibodies was imaged by using 10×
or 20× Universal Plan Apochromat objectives under the 488
or 568 nm excitation wavelengths of a Kr/Ar mixed-gas laser,
a 488 nm Ar laser (green) and a 543 nm He/Ne laser (red).
The 637 nm excitation line of a red-diode laser was used to
detect nuclei stained with TO-PRO-3 iodide. All images were
obtained at 1024×1024 pixel resolution under sequential
scan settings. Laser power, gain, and optimum pinhole levels
were kept constant across a given set of samples on which
comparisons were being made during a single session at the
microscope. Single optical sections through the median
planes of colonies were captured with either Bio-Rad soft-
ware (Lasersharp 2000 version 5.0 for Windows) or Zeiss LSM
software. Optical sections were also obtained at 0.3-μm
intervals along the z axis and cropped by using the LSM
software. Images were organized and assembled in Photo-
Shop CS (Adobe Systems, La Jolla, CA, USA). All raw images
are available upon request.Immunoassays
Media collected from hESC were stored at −20 °C until assay.
hCGβ and progesterone were measured by using solid-phase
sandwich ELISA and competitive ELISA kits (Catalog Nos. BQ
047F and BQ 072S from Bio-Quant, San Diego, CA, USA)
respectively. Standards were supplied by the manufacturer,
and the sensitivities of the assays were 0.53 mUnits/ml and
0.3 ng/ml. For all assays, samples were appropriately diluted
to fall within the recommended ranges of the standard
curves and assayed in triplicate.
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